The redshift of the galaxy lensing HE 0435−1223 is 0.4546 ± 0.0002, based on observations obtained with the Low Dispersion Survey Spectrograph 2 (LDSS2) on the Magellan Consortium's 6.5 m Clay telescope. Hubble Space Telescope/ACS observations of the system also reveal a spiral-rich group of 10 galaxies within 40
INTRODUCTION
For a variety of reasons, follow-up observations of gravitationally lensed quasars have not kept pace with the lens discovery rate. For example, both lens and source redshifts are required to convert a measured time-delay into an estimate of the Hubble constant (Refsdal 1964) or to measure the mass-to-light evolution of lensing galaxies (Rusin et al. 2003) , but only half of the ∼80 known systems have complete redshift information. Poor knowledge of the lens galaxy environment also hinders lensing applications. Nearby groups or clusters can bias estimates of the Hubble constant by contributing some fraction of the lensing mass convergence (Gorenstein, Shapiro & Falco 1988; Saha 2000) , and such structures are likely responsible for the large (∼ 10%) shears required to model quadruple systems (Holder & Schechter 2003) and for explaining the observed quad-to-double ratio (Keeton & Zabludoff 2004) . It is therefore important to understand the characteristics of each lens system as thoroughly as possible. In this paper, we report our measurement of the lens redshift for the quadruple quasar HE 0435−1223 and explore the system's local galaxy environment from HST/ACS imaging.
HE 0435−1223 was discovered to be a z = 1.689 quasar during the Hamburg/ESO (HES) survey for bright quasars in the Southern Hemisphere (Wisotzki et al. 2000) . The quasar was later found to be gravitationally lensed by Wisotzki et al. (2002) during snapshot followups of HES quasars with the 6.5 m Baade telescope at the Las Campanas Observatory (LCO). The image morphology is a symmetric quad with image separations of 2.
′′ 3 and 2. ′′ 6 along the long axes of the configuration, somewhat reminiscent of the Northern Hemisphere "Einstein Cross" Q 2237+0305 (Huchra et al. 1985) . The lensing galaxy was prominently detected in the Baade discovery images, with its light profile and gri aperture colors suggestive of a 0.3 < z < 0.5 elliptical galaxy.
The system holds high promise for measuring a differential time delay and estimating the Hubble constant. Wisotzki et al. (2002) cite evidence for both short-term (20% over ∼2 months) and long-term (1 magnitude over ∼ 12 years) variability in the total quasar flux. The symmetric image configuration also implies relatively short differential time delays (on the order of several weeks), which ought to make it straightforward to distinguish the time-delay signature from longer-timescale microlensing variability. Wisotzki et al. (2003) provided a refined galaxy redshift estimate of z = 0.44 ± 0.02 based on integral field observations of the system. However, their estimate was obtained from low-resolution (∆λ = 300Å) spectral rebinning that traced the galaxy's overall spectral energy distribution rather than from the detection of stellar absorption features. In §2, we report a precise spectroscopic measurement of the lensing galaxy redshift of z = 0.4546 ± 0.0002 using the Low-Dispersion Survey Spectrograph 2 (LDSS2) on the Clay 6.5 m telescope. In §3, we make use recent HST/ACS observations of the system to explore the HE 0435−1223 galaxy environment and find evidence for a spiral-rich group of at least 10 galaxies within 40 ′′ , at least two of which are in the foreground (at z = 0.419) with respect to the lens. Overall the data suggest a complex lensing environment. We explore several lens models for the system using the HST/ACS astrometry and emission-line flux ratios from Wisotzki et al. (2003) in §4, and discuss the model implications and time-delay predictions in §5.
MAGELLAN/LDSS2 OBSERVATIONS
HE 0435−1223 was observed on 2002 December 11 using the Low Dispersion Survey Spectrograph 2 (LDSS2; Allington-Smith et al. 1994 ) at the Magellan Consortium's Clay telescope at LCO. The LDSS2 is a multi-slit spectrograph with a 7 ′ diameter field of view and 0. ′′ 378 pixel −1 CCD detector. We used the medium-red grism blazed at 6000Å, which provided a nominal dispersion of 5.3Å pixel −1 and a useful wavelength coverage of 4500Å to 8500Å. A slit width of 0.
′′ 74 was used for all targets when constructing the aperture mask. The night was photometric and the Shack-Hartmann wavefront sensor helped to deliver an image quality of ∼0.
′′ 5 FWHM. In addition to the lensing galaxy, we obtained simultaneous spectra of 19 objects within 3 ′ of HE 0435−1223 (see Figure 1 ). Our observing sequence consisted of two 30 minute exposures with slits centered on the lensing galaxy and surrounding field galaxies, followed by two 10 minute exposures through the same mask but offset by 1.
′′ 25 to the North-East. These last two observations were used to obtain quasar template spectra of components A and B (Figure 1 inset), which were subsequently used to remove quasar spillover from the lens galaxy spectrum.
No spectrophotometric standards were observed.
Initial data reduction consisted of bias-subtraction, flat-fielding, and removing cosmic-rays by interpolating from neighboring pixels. The two-dimensional spectra were then averaged together to produce a single ongalaxy and off-galaxy image.
Since these are two-dimensional spectra, care must be taken when deriving a wavelength solution and performing the extraction. The wavelength calibration was obtained using night sky lines bracketing each target spectrum. We identified eight lines from the spectral atlas of Osterbrock et al. (1996) , providing roughly uniform coverage between [O I]λ5577 and OHλ8827. The lines were identified on 2-4 dispersion rows (depending on the target slit length) with two rows always straddling the target spectrum, providing 16-32 points of known wavelength as a function of CCD row and column. We then fit a fourth order polynomial along the dispersion direction and a linear fit along the spatial direction, which provided the wavelength solution as a function of pixel position on the chip. The wavelength solution with respect to the reference lines was extremely good: rms better than 0.8Å (0.15 pixels) for all spectra. The sky background was then removed by fitting and subtracting a line to the sky level for each CCD column.
The spectral dispersion was mostly parallel to the CCD rows, but did bend by several pixels in the vertical from blue to red. To define the extraction path for the lensing galaxy, we fit two overlapping Gaussian profiles to each Note. -Redshifts for galaxies observed with LDSS2. IDs correspond to labels in Figure 1 . Redshift errors are the rms dispersion among multiple lines (when available), and do not include the δz = 0.0002 uncertainty in the underlying wavelength calibration. All positions are J2000.0 coordinates. CCD column to model the flux from the A+B spectra. A second-order polynomial fit to A's center as a function of chip column gave a good fit to the dispersion drift (fit rms of 0.08 pixels), and was subsequently used as the extraction path for both the quasar and lensing galaxy spectra. The extraction was performed using a three -Spectra of the lensing galaxy (bottom) and neighboring galaxies G12 an G13 (top and middle). The lens spectrum is shown after subtracting 0.2 times component A's spectrum. The four vertical strips denote skylines used for wavelength calibration. The lens, G13, and G12 spectra have been shifted by 100, 1500, and 2250 counts, respectively, for clarity. Inset: Slice along the spatial direction for the lens galaxy spectrum. The two peaks correspond to spillover flux from the A+D and B+C quasar images, with the lens galaxy in the middle.
pixel (1.
′′ 1) width for quasar components A and B, and a two pixel (0.
′′ 76) width for the lensing galaxy. For the remaining targets, we used a wide extraction width of 6 pixels (2.
′′ 3) parallel to the CCD rows. Figure 2 shows the extracted lens galaxy spectrum after subtracting 0.2 times component A's spectrum, with the scale factor chosen such that the blueward side of the Mg II broad emission line at ∼7500Å appeared smoothly subtracted by eye. The Ca II H&K absorption features are visible, as well as the 4000Å break and G band absorption line. Fortunately, the Ca II H&K feature fell 150Å redward of the [O I] λ5577 skyline, which provided points for wavelength calibration on either side of the feature.
To determine the galaxy redshift, we simultaneously fit for the the continuum plus two overlapping Gaussian profiles to the Ca II H&K absorption feature and bracketing continuum using an appropriately fixed rest-wavelength separation. This does a good job of modeling the absorption feature (reduced chi-squared of 0.7) and yields a best-fit redshift of z = 0.4546. The uncertainty in the fit is of the same order as the error in the wavelength calibration, ∼ 1Å, translating to a redshift uncertainty of 0.0002.
Figure 2 also shows the extracted spectra for galaxies G12 and G13, the two closest galaxies from the lens that we obtained spectra for (∆θ=8.
′′ 9 and ∆θ=31. ′′ 4 from the lens, respectively). Both show [O II]λ3727 emission at ∼5300Å, and G12 also shows weak Hβ and [O III]λλ4959,5007 emission lines at ∼7000Å. Gaussian fits to the emission lines give redshifts of z = 0.4191 ± 0.0002 and z = 0.4189 for G12 and G13, respectively. Table 1 lists the spectroscopic redshifts obtained for all 18 galaxies observed with LDSS2, and Figure 3 shows the redshift histogram. There is no obvious group or cluster along the line of sight from the limited redshift sample, although the coincident G12,G13 redshifts at z = 0.419 suggests some overdensity at that redshift. The redshift difference between the G12,G13 pair and the lensing galaxy is 7,500 km s −1 in the G12,G13 restframe, an order of magnitude larger than expected for cluster association and even more so for a group, so the galaxies are not physically associated. The closest galaxy in redshift space to the lens is G11 (z = 0.4579) at a projected separation of ∆θ=74.
′′ 6 (proper distance of 420 kpc), which is too far to significantly affect the lensing potential. combinations were performed using the standard PyRAF programs available for ACS data reduction. Figure 4 shows the geometrically-corrected I-band image after combining with PyDrizzle. The environment around the lens appears to contain a spiral-rich group of galaxies. There are 5 prominent galaxies within 10 ′′ (outer dashed circle), the closest of which (G22) is within 5 ′′ and corresponds to the SW companion galaxy originally noted by Wisotzki et al. (2002) . Its image morphology is a barred spiral with arms that appear to thread back onto the central bulge. Galaxies G12 and G13 from §2 are also labeled. Both show a bulge+disk image morphology, face-on in the case of G12 and edge-on in the case of G13, with several bright knots visible distinct from the central nucleus in both galaxies. The image morphologies are consistent with ongoing star formation as implied by the [O II]λ3727Å emission-lines observed in the respective spectra. Galaxies G18, G19, G23, and G25 also suggest either face-on or edge-on spirals, while G20, G21, and G24 appear to be ellipticals.
The V -and I-band closeup images of HE 0435−1223 are shown in Figure 5a and 5b. The image configuration is consistent with previous ground-based images of the system, although the HST data do reveal multiple partial arcs tracing the system's Einstein radius in both the V -and I-band images. One can also see lensed knots at two different radii embedded in the arc emission and which likely arises from lensed structure of the quasar host galaxy. To obtain the relative image positions, we modeled the light distribution using PSFs generated with the TinyTim v6.1a software of Krist & Hook (2003) and a circularly symmetric de Vaucouleurs profile (with effective radius of 1. ′′ 2; see below) convolved with the HST PSF for the lensing galaxy. The PSFs were generated taking into account the lens position on the WFC and mapped onto a 4x4 oversampled grid to assist with subpixel shifts. The relative positions and fluxes of the fivecomponent model were then simultaneously solved for using a Powell (Press et al. 1992 ) minimization routine. The solutions were obtained in the two filters using both the individual (geometrically distorted) 'flt' images and the undistorted drizzled frames, and we found that the relative quasar positions agreed to within 0.
′′ 002 using the different datasets. The galaxy center rms was 0.
′′ 005 (0.
′′ 002) along the cardinal directions for the V (I)-band solutions, roughly an order of magnitude improvement over the earlier position obtained from ground-based observations.
The averaged relative offsets obtained from the 'flt' I-band solutions are reported in Table 2 . To our initial surprise, the relative quasar positions differed by up to 6σ when compared to the Magellan offsets given by Wisotzki et al. (2002) , even though both datasets quote similar astrometric precision. The differences, however, could be described by a 0.6% scale discrepancy between the two datasets, in the sense that the Wisotzki et al. (2002) measurements correspond to a larger angular size than the HST/ACS measurements. After correcting for the Note. -Relative image positions and system flux ratios are from PSF fitting as described in the text. Quasar apparent magnitudes are from 0. ′′ 5 aperture photometry plus a nominal 0.1 mag aperture correction. Galaxy magnitudes have been obtained using the best-fit I-band de Vaucouleurs profile, with error bars corresponding to 10% uncertainties in re. All magnitudes have been placed onto the STMAG system. scale difference, the Magellan and HST astrometry agree to better than 1σ.
The reconstructed I-band image without the four quasars (Figure 5c ) allows us to investigate the detailed morphological properties of the lensing galaxy. We modeled the galaxy's I-band light distribution of the PSFsubtracted image using GALFIT (Peng et al. 2002) , taking care to mask the ring of pixels tracing the quasar residuals and arc emission during the fit. The best-fit elliptical r 1/4 law gave an axis ratio of 0.83, a position angle of −7.
• 4 East of North, and an effective radius r e of 1.
′′ 20 (6.6 kpc at the lens redshift). Figure 5d shows the residuals after subtracting the best-fit profile.
The effective surface brightness of the galaxy µ e , defined as the average flux inside the effective radius, is 22.22 mag in I-band. To get a handle on the V -band effective surface brightness, we applied the same I-band effective radius and normalized the de Vaucouleurs profile using the PSF-subtracted V -band image. This gave µ e = 23.19 mag in V -band. The total lens galaxy magnitude in the two filters then follows from m tot = µ e − 5.0 log r e − 2.5 log 2π and are reported in Table 2 .
In Table 3 , we list apparent magnitudes and relative positions for the 10 prominent galaxies labeled in Figure 4 and for three nearby reference stars. Galaxy aperture magnitudes were computed using a 2.
′′ 0 radius with error bars estimated from the Poisson noise inside each aperture. Stellar magnitudes were computed using a 0.
′′ 5 aperture radius and a nominal 0.1 mag aperture correction.
LENS MODELS AND TIME DELAY PREDICTIONS
Predicting differential time delays between the quasar images requires an accurate mass model of the lensing galaxy and its environment. Wisotzki et al. (2002) found that a simple singular isothermal sphere (SIS) embedded in an external shear did a good job at modeling the quasar positions (rms of 1.3 mas), but failed to account for the quasar flux ratios. When compared to their iband fluxes, the SIS+shear model (which only used position constraints) underpredicted component A's flux by 0.35 mag. Overall, it predicted components B+C to be almost a full magnitude (0.86 mag) brighter relative to components A+D than observed.
Such discrepancies are common when modeling strong lenses, and it is generally accepted that the image fluxes are perturbed either by substructure along the line of sight (Dalal & Kochanek 2002) or by microlensing from stars in the lensing galaxy (Schechter & Wambsganss 2002) . These two processes are in principle distinguishable from each other since they yield different predictions for extended sources. The flux ratios ought not to show a strong dependence on source size if significant substructure is present, but will show a source size effect for microlensing-induced perturbations. This is because larger source sizes will average over small-scale structure present in the microlensing caustic pattern, driving the system flux ratios toward the macromodel values. In practice, since the quasar broad-line region is several orders of magnitude larger than the continuum emitting region, then the emission-line fluxes ought to be much less sensitive to microlensing than the broad-band fluxes.
The C IV and C III] emission-line fluxes for HE 0435−1223 were measured by Wisotzki et al. (2003) using the Potsdam Multi-Aperture Spectrophotometer (PMAS) on the Calar-Alto 3.5 m telescope. They indeed found that the emission-line flux ratios were in better agreement with model predictions than were the broadband values, but the match was still far from acceptable: component A was underpredicted by 0.26 mag and the combined B+C flux was still 0.57 mag brighter with respect to components A+D than observed. Attempts to force the SIS+shear model to reproduce the emissionline flux ratios could be achieved only with significant (∼ 50σ) deviations between the observed and model image positions. This difficulty could be a consequence of the simple isothermal model used for the lensing potential and a more realistic model, perhaps taking the group environment into account, might be more successful.
In this section, we explore several mass models for the system in an effort to reproduce the HST/ACS astrometry and the Wisotzki et al. (2003) emission-line photometry. Our basic mass model is a singular isothermal ellipsoid (SIE; Kassiola & Kovner (1993) , Kormann et al. (1994) ) with convergence κ given by
where Σ is the projected surface mass density,
is the critical surface mass density, ǫ is the ellipticity parameter related to the axis ratio q by q 2 = (1 − ǫ)/(1 + ǫ), and the major axis is orientated along θ e . The mass parameter b is given by
where σ is the line-of-sight velocity dispersion of the dark matter halo. Distances D l , D s , and D ls are angular diameter distances to the lens, the source, and from the Note. -Galaxy magnitudes were obtained using a 2. ′′ 0 aperture radius, with error bars corresponding to Poisson noise inside the aperture. Stellar magnitudes are from 0.
′′ 5 aperture photometry plus a nominal 0.1 mag aperture correction. All magnitudes have been placed onto the STMAG system. lens to source, respectively. For the SIS model (q = 1), b is also the system's Einstein radius. The two-dimensional effective lensing potential φ can then be found from ∇ 2 φ = 2κ, and is simply φ = br for the spherically symmetric case (e.g., Narayan & Bartelmann 1999) . We also consider environmental effects by adding a shear term φ γ of the form
where γ is the shear strength and the sign convention is for θ γ to point toward (or away) from the mass responsible for the shear.
We consider three models, defined as follows:
Model ISx is a singular isothermal sphere for the lensing galaxy plus external shear. It is the same model used by Wisotzki et al. (2002) . Model IEx adds a second shear axis by using an elliptical isothermal halo plus external shear. Model IEISx explicitly takes the galaxy environment into account. It adds a third shear axis by fixing a second isothermal halo at the position of the closest neighboring galaxy G22. For constraints, we use the HST/ACS positions listed in Table 2 with 2 mas error circles for the quasar positions and a 5 mas error circle for the galaxy position. The lens galaxy position is allowed to vary, but its position is constrained using the above error circle. The averaged C IV and C III] emission-line fluxes can be computed from Table 2 of Wisotzki et al. (2003) and give B/A, C/A, and D/A ratios of 0.76, 0.71, and 0.54, respectively. Wisotzki et al. (2003) quote formal errors for the emission-line fluxes on the order of 1%. While we consider models with 1% flux errors, we also consider models with 10% flux errors to account for unmodeled effects such as intrinsic quasar variability. We also assume identical redshifts for all deflectors, even though the LDSS2 spectroscopy from §2 has already showed that this is not strictly the case (∆z = 0.036 for the lensing galaxy and G12,G13). Throughout this section, we adopt an (Ω m , Ω Λ ) = (0.3, 0.7) cosmology, set the Hubble constant to 72 km s −1
Mpc
−1 , and quote all angular positions as degrees East of North. All models are minimized in the image-plane using the gravlens software of Keeton et al. (2001) . Model results are summarized in Table 4 . Wisotzki et al. (2003) found that an isothermal halo plus external shear cannot simultaneously fit the Magellan positions and emission-line flux ratios. We find a similar result using the HST/ACS positions as constraints. Using 10% flux errors, the ISx model does well to reproduce the image positions (θ rms = 2.7 mas), but predicts components B+C to be 0.59 mag brighter with respect to components A+D than observed. In particular, component A's model flux is 0.28 mag fainter than observed. This is essentially the same result found by Wisotzki et al. (2003) using just the Magellan image positions as constraints. Tightening the flux errors to 1% does not yield an improvement: θ rms worsens to 5.4 mas and the image magnifications are mostly unchanged (see Table 4 ).
Single Halo: Models ISx and IEx
The IEx model allows for two shear axes, external shear plus galaxy ellipticity. One has to be careful when solving for the shear and ellipticity terms since an approximate degeneracy exists between the two effects (Keeton et al. 1997) . To sift through the degeneracy, we solved for (b, γ, e) over a grid of initial conditions for (θ γ , θ e ) and focused on the region of parameter space that gave the lowest χ 2 values. The best-fit model using 10% flux errors fit the quasar positions essentially exactly (θ rms = 0.2 mas), but again had trouble predicting the flux ratios, with the combined B+C flux 0.61 mag brighter with respect to A+D than observed. The problem again is chiefly component A, which is predicted to be 0.25 too faint. The galaxy parameters do agree with the observed characteristics: the model ellipticity e (defined as 1 minus the axis ratio) was 0.13 and pointed along −11.
• 5, which is close to the measured values of 0.17 and −7.
• 4 for the light distribution. Note.
-Model results for the isothermal sphere plus external shear (ISx), isothermal ellipsoid plus external shear (IEx), and isothermal ellipsoid plus external shear and isothermal sphere centered on G22 (IEISx). Models are minimized using 10% and 1% emission-line flux errors. θrms gives the rms between predicted and observed quasar images. Mass parameters b and b ′ are for the lens and G22 galaxies, respectively. Magnitude differences are in the sense predicted minus observed.
Tightening the IEx flux errors to 1% improved the flux predicitions -within 0.05 mag for all four components -but the galaxy parameters became unreasonable: the ellipticity was 0.29, almost twice as large than observed, and pointed nearly perpendicular (∆θ = 70
• ) from the observed orientation. Moreover, the galaxy position shifted by 0.
′′ 038 (7-8σ) from its measured center. Overall the model can be rejected since it predicts halo properties in strong disagreement with the observed galaxy properties. Thus neither of the single halo models are consistent with both the observed galaxy properties and the system's emission-line flux ratios.
Multiple Halos: Model IEISx
The shear direction for the ISx and IEx models pointed roughly at −15
• . Naively one would expect it to point toward the closest neighboring galaxy G22 at 216
• (or equivalently 36
• ). The same difference was found Wisotzki et al. (2002) and led them to speculate that the neighboring galaxy might simply be a chance projection. Another possibility is that G22 does have a significant effect on the lensing potential, but that a second perturber NW of the lens dominates the shear contribution. Figure 4 shows that this is plausible. Galaxies G12, G20, and G21 (as well as G18, G19 and G13 farther out) range from position angles of −20
• to −70
• and their aggregate mass or associated halo may dominate the shear measurement.
Model IEISx takes both shear directions into account by using a halo centered on G22 for the SW perturber plus an external shear for the NW perturber. Using 10% flux errors, the model does just as well as the IEx model in predicting the image positions (θ rms = 0.2 mas) and also slightly improves the flux predictions. This time the B+C flux was only 0.40 mag brighter with respect to A+D than observed, component A was too faint by 0.20 mag, and component C was too bright by 0.16 mag. The galaxy ellipticity was also slightly larger than observed, 0.22 compared to 0.17, but did point within 7
• of the measured orientation. The shear strength for the 10% model was 0.04 and pointed at −28
• , or about 13
• closer to the G20-G21-G12 group than found in the single halo IEx model. We again reject the 1% model since it gives unreasonable galaxy parameters (see Table 4 ) despite the improved image fluxes.
DISCUSSION
The improved flux predictions and closer alignment between the shear direction and the NW group are arguments for favoring the multiple halo model, but the shear still does not point to any obvious perturber. It points between the faint G20 and G21 galaxies as seen from the lens. This is about +20
• from the G20-G21-G12 fluxweighted center and about +30
• from G12, the brightest of all neighboring galaxies within 40 ′′ of the lens (see Figure 6 ). We know that G12 is at essentially the same redshift as the lensing galaxy, so if the only significant perturbers were G12 to the NW and G22 to the SW, then we would expect the IEISx shear to point directly toward G12. It does not, which suggests that if the flux ratios are to be explained solely by the macromodel, then the lensing potential must be even more complicated than the double halo model considered here.
Alternatively, the macromodel could be essentially cor- rect and a separate effect could be perturbing the flux ratios. In general, there are four mechanisms that could alter the image fluxes: microlensing, quasar variability, differential dust extinction and substructure lensing. Presumably microlensing is not an issue since we are working with the emission-line fluxes. Quasar variability is also not a factor since the A−C time delay is less than a day in all models, much too short compared to quasar variability timescales (typically weeks to months). Wisotzki et al. (2002) already commented that extinction is probably not very important for this system since the lensing galaxy is an elliptical and the Magellan colors of the four quasars agreed to 0.05 mag. In general, Falco et al. (1999) found median differential extinctions among a subsample of optically-selected lenses of ∆E(B − V ) = 0.04 mag. Only 10% of their sightlines through elliptical galaxies have 0.15 < ∆E(B − V ) < 0.25, so the ∼0.2 mag of extinction needed to reconcile component C's relative faintness is unlikely but not impossible. However, the PMAS resolved spectral observations of the four quasars obtained by Wisotzki et al. (2003) show the quasar continuum slopes to be virtually identical (L. Wisotzki, private communication) . This would be a strong coincidence if any significant dust extinction were present, and of course rules out significant differential extinction.
The remaining explanation is substructure lensing. Millilensing by low-mass satellites (typically modeled as NFW profiles or truncated isothermal halos) in the lens galaxy can either brighten or dim image fluxes by several tenths of a magnitude. The effect has been modeled both for individual systems (Metcalf & Zhao 2002) and in a statistical sense (Dalal & Kochanek 2002) , and typically requires the subclumps to comprise a few percent by mass of the primary galaxy's dark-matter halo.
Although we do not consider substructure models here, such an effect remains the most plausible explanation of the HE 0435−1223 emission-line fluxes given the present data.
We do note that substructure lensing by strictly isothermal halos, either embedded in the lensing galaxy or along the line of sight, cannot account for the observed flux ratios. Isothermal mass clumps always brighten positive-parity images (Keeton 2003) , but components A and C, both positive-parity images, are respectively brighter and fainter than predicted. Of course the unlensed quasar flux is a free parameter, so one could dim the source such that both A and C became brighter than predicted, but then images B and D (both negative-parity images) would be ∼0.2 mag brighter than predicted as well. Millilensing (and microlensing as well) tends to dim saddle-point images (Keeton 2003 , Schechter & Wambsganss 2002 , so the situation using isothermal halos becomes somewhat contrived.
We can predict the differential time delays for the system using the measured lens redshift of z = 0.4546 ± 0.0002 from §2. The A−D delay is the longest delay and therefore the most interesting to measure. The ISx, IEx, and IEISx models predict A−D delays of 12.21, 15.80, and 17.54 days, respectively. The elliptical halo (IEx) is formally preferred over the spherical halo (ISx) with χ 2 /dof of 3.6 compared to 2.4, where the improvement comes wholly from the quasar and galaxy positions. The double halo (IEISx) is preferred over the single halo (IEx) with χ 2 /dof of 2.4 compared to 1.9, where the improvement comes mostly from the images fluxes. The last two models yield 10% differences in the A−D time delay, which gives an estimate of the error that one can expect from uncertainties in the local galaxy environment.
There are several ways to improve the time delay prediction. Redshift information for the remaining 8 of 10 neighboring galaxies, especially for G22, would significantly improve the model confidence. In the least, it would point to which galaxies might share a common dark matter halo and thus guide the choice of parametric models. The HST/ACS images already show a partial Einstein ring for the system in I-band, and one would suspect a complete Einstein ring to be visible in the infrared. The extra constraints offered by modeling the ring may be able to distinguish between the single and double halo models without recourse to the image flux ratios. For example, it would be interesting to see if the shear direction for a ring-constrained IEISx model points more in line with the center of the NW group than found here.
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